Pure Cu (99.96%) and pure Zr (99.8%) sheets were stacked and severely deformed up to equivalent strain of 16 by the accumulative roll bonding (ARB) process conducted at RT. The ARB processed sheets showed nanolamellar structure of Cu and Zr. The DSC curves of the ARB processed multi-layers exhibited characteristic exothermic peaks, which were similar to the previous results reported in a mechanical alloying study. When the ARB processed specimen was annealed at 400 C, at which the first exothermic peak appeared, most of the volume transformed into amorphous phase. The ARB processed and then 400 C annealed specimen showed obvious glass transition. That is, there is a possibility to fabricate bulk metallic glass sheet through severe plastic deformation and thermally activated amorphization.
Introduction
Recently bulk metallic glasses (BMGs) have widely inspired attention from scientific as well as technological view points, due to its unique properties such as high strength, excellent corrosion resistance and good magnetism for structural and functional use. Up to now, many alloy families such as Zr-, Pa-, La-, Mg-, Cu-, Fe-based multicomponent BMGs have been developed. [1] [2] [3] However, the socalled BMGs nowadays are mostly fabricated through a liquid to solid phase transformation process, such as suction cast, injection cast, induction cast and water quenching. During these rapid quenching processes, nucleation and growth of crystalline phase are restrained and the long range disordered atomic configuration can be reserved after solidification. With a mechanism completely different from rapid quenching, a variety of solid state amorphization techniques including mechanical alloying, thermally induced amorphization in multilayers, ion beam mixing and hydrogen absorption has been developed during the last 20 years. [4] [5] [6] Metallic glasses in the form of thin films, or powders can be obtained by interdiffusion and interfacial reaction at temperature far below the glass transition temperature. Obviously, these kinds of metallic glass can not be called bulk materials in some sense.
Cold-rolling is one kind of this solid state amorphization technique. Based on conventional cold-rolling, an accumulative roll bonding (ARB) or repeated rolling and folding technique was developed and has been used to fabricate metallic glass sheet in bulk size. The thickness of the sheets can reach 0.8 mm, and the width and length can reach several centimeters. [7] [8] [9] Usually, ARB is regarded as one of the severe plastic deformation (SPD) processes, which is originally developed for ultrafine-grain refinement of conventional metallic materials. 10, 11) This is the only severe plastic deformation process at this moment which can produce large bulky materials. During ARB process, rollbonding, cutting, surface treatment and stacking of the sheets are repeated to impose ultra-high plastic strain. Using ARB technique, a lot of metallic materials such as IF steel, pure copper and aluminum with ultrafine grain size have been prepared, which exhibit high strength and other superior properties. [12] [13] [14] ARB can also be used to fabricate bulk nonequilibrium materials, such as super-saturated solid solution and metallic glass. Comparing with other mechanically alloying methods such as ball milling, ARB can avoid contamination and the uncertainty of the temperature rising during the processing. Therefore, ARB is a very useful method to fabricate bulk metallic materials and is very helpful for the deep understanding of the solid-state reactions.
In this paper, alternatively aligned pure Cu and Zr sheets were successfully mechanically alloyed after imposing large plastic strain through the ARB process. Then the ARB processed samples were annealed for thermally driven amorphization, immediately followed by water quenching. The microstructure evolution during the ARB process and subsequent heat-treatment was investigated and the possible mechanism for the solid state amorphization was discussed.
Experimental Procedure
The ARB process used to fabricate bulk Cu/Zr multilayered sheet is schematically illustrated in Fig. 1 . Pure Cu (99.96%) and pure Zr (99.8%) sheets with the size of 0.2 mm for Zr and 0.1 mm for Cu in thickness, 50 mm in width and 200 mm in length were used as the starting materials. Seven pieces of Cu sheets and six pieces of Zr sheets were mutually stacked after degreasing and wire-brushing the surfaces. So the overall composition of the multilayer was Cu-47 at%Zr and the total thickness of the specimen was 1.9 mm. The stacked sheets were firstly roll-bonded with a reduction in thickness of 75%, corresponding to equivalent strain of 1.6. The obtained multilayer sheet was cut into four parts, degreased, wire-brushed, stacked to be 1.9 mm in total thickness, and then roll-bonded. The ARB process was repeated up to 10 cycles. The total von Mises equivalent strain after 10 cycles of the ARB could reach about 16. The dimensions of the 10 cycles ARB processed sheet were t 0:5 Â w 8:0 Â l 30:0 mm 3 . All the ARB process was carried out at room temperature.
The phase constitution of the severely deformed specimens was analyzed by X-ray diffraction (XRD). The microstructure observation from the transverse direction (TD) of the sheets was conducted with field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The thermal analysis was carried out with a differential scanning calorimetry (DSC) in a flowing argon atmosphere with a heating rate of 0.33 K/s. Some of the 10-cycle specimens were heat treated for 1.8 ks at 673 K in the DSC, around which the first exothermic peak appeared on the DSC curve.
Experimental Results
XRD measurements were carried out to examine the phase constitution of the Cu/Zr multilayer ARB processed by various cycles. Many ARB processed sheets were stacked and the XRD measurement was carried out on the plane perpendicular to the transverse direction (TD) of the sheets. The typical XRD curves of the as-ARB processed samples by 1 and 10 cycles are shown in Fig. 2 . From the curves, both the sample exhibit several sharp diffraction peaks, which can be indexed as Zr and Cu metallic elements. Figure 3 shows the SEM backscattering electron (BSE) micrographs of the specimens processed after various ARB cycles. The Cu and Zr layer appear in different contrast in the BSE images, namely Cu in dark and Zr in bright. It can be seen in Fig. 3(a) and (b) that the deformation was not uniform during the early ARB cycles. Many shear bands penetrates throughout the thickness of the specimens. The formation of shear bands is said to be caused by the great difference in the flow behavior between Cu and Zr layer. As a result, many island-like Zr blocks having diamond shapes are cut by shear bands from the layers, which are indicated by an arrow in Fig. 3(b) . However, after 6 ARB cycles, the deformation in the multilayer becomes rather homogeneous than before. The microstructure of the specimen processed after 8 and 10 ARB cycles are shown in Fig. 3 (c) and (d) respectively. It reveals that almost no island-like Zr blocks can be found through the whole thickness and the specimen exhibits nano-scaled lamellar structures. It is suggested that the disappearance is due to the homogenization of the strength between Cu and Zr layers. Although original Cu sheet is softer and more ductile than Zr sheet, it becomes rather strong after 5 or 6 ARB cycles owing to the strain-hardening effect caused by severe plastic deformation. Figure 4 presents the typical TEM image, which shows the microstructure of the severe plastic deformed sample after 10 cycles ARB process. Well-aligned structure containing elongated Cu and Zr layers is visible over a large distance. The thickness of each layer was reduced from its original 0.2 mm to a range from 10 to 100 nm. It was also found in more detailed study that amorphous phase formed at Zr/Cu interfaces in the as-deformed state. 15) Besides the nanolamellar structure, another fact worthy to be mentioned is that the shear band formed during the early ARB process still can be found in the ARB processed samples by 10 cycles. TEM observation reveals that the microstructure is greatly different between the shear bands and the multilayer, which might be resulted from the quite large amount of plastic strain localized in the shear bands. Amorphous phase formed within the shear bands, and the detailed microstructure characterization in the shear bands can be found in Ref. 16 ). As a SPD process, ARB can transfer large amount of energy to the deformed samples and lead to the formation of metastable phases. In order to understand their thermal ability, DSC measurements of the materials ARB processed by different cycles were carried out. Figure 5 shows the typical DSC curves of the 1 and 10 cycles ARB processed samples. For 1 cycle ARB processed sample, no obvious endothermic or exothermic reaction can be found on the whole profile. The recorded curve runs gradually upward, with an abnormal peak appears around 600 K. While for 10 cycles ARB processed sample, two exothermic peaks can be clearly seen on the curves. The peak temperatures of the exothermic reactions are 665 and 734 K respectively, which is similar to the DSC curves of the ball-milled Cu 33 Zr 67 powders in Ref. 17) . It reveals that metastable phase might exist in the 10 cycles ARB processed materials and solid state phase transformation occurs during the heating process. In the previous literature about powder MA process, 17) it was reported that the first peak corresponded to thermally driven amorphization.
In order to advance the thermally driven amorphization, the samples ARB processed by 10 cycles were annealed at 673 K in Argon atmosphere, which is slightly higher than the first exothermic peak temperature. After annealing for 1.8 ks, the samples were immediately quenched in water. Figure 6 shows the typical microstructure of the annealed and then water quenched samples. It can be found that the lamellar structure remains unchanged after heat treatment. However, most of the area is occupied by many gray layers which show no contrast inside. The contrast-free layers indicate the formation of a non-crystalline structure. From the inserted selected area electronic diffraction pattern, an obviously broaden diffraction ring can be observed simultaneously with the sharp narrow crystalline diffraction rings, which confirms the formation of amorphous phase. It can be concluded therefore that the gray regions without any contrast in Fig. 6 are amorphous phase formed in the heat treatment. The remaining part was found to be crystalline Cu layers. 15) That is, bulky sheet of amorphous/metal nano composite could be fabricated by the ARB process followed by heat treatment.
The amorphous phase formed upon heat treatment of the 10 cycles ARB processed sample was further verified by DSC measurement. Figure 7 shows the DSC curves of the ARB processed heat treated sample. For the heat treated sample, an obvious glass transition with the onset temperature of T g ¼ 636 K can be found on the curves, subsequently followed by a crystallization peak at the temperature of T x ¼ 703 K. Comparing with the curve for the as-ARB processed sample in Fig. 5 , no other exothermic peak can be found on the curve. Therefore the supercooled liquid region ÁT x ¼ 67 K, which is defined as the temperature span between the glass transition temperature T g and the crystallization temperature T x , can be calculated. Comparing with the ÁT x ¼ 47 K for the CuZr binary BMG and 74 K for the well-known ZrTiCuNiBe BMG prepared by rapidly solidification from the alloy melts, 18, 19) the amorphous phase formed in the 10 cycles ARB processed materials after heat treatment has a high thermal stability. 
Discussions
From the above experimental results, it reveals that bulk metallic glass sheet can be obtained by annealing the severe plastic deformed metallic materials, which has a nano-scale multi-lamellar microstructure. The phenomenon of thermally induced amorphization was first discovered in Au-La binary alloys by Johnson et al. in 1983. 20) Later on, a lot of thermally induced amorphization has been found in metallic elemental film. 21, 22) It was said that the inter-diffusion between the two kind of metallic elements will be accelerated greatly at annealing temperature, which lead to the completion of crystal to amorphous transition in a very short time. And the existence of negative heat of mixing must be satisfied, which provides the necessary chemical driving force for the reaction. Additionally, the reaction must be carried out at sufficiently low temperature in order to suppress the nucleation and growth of thermodynamically preferred crystalline intermetallic compounds. However, the previous thermally induced amorphization almost all happened in the form of metallic powders or electrodeposited films. Using these methods, it is very difficult to prepare bulk metallic materials. While with ARB technique, nano-lamellar structure can be developed in the bulky materials by imposing severe plastic deformation on it. The individual layer thickness ranges from 10 to 100 nm, which permits completion of the thermally driven amorphization in reasonably short times. Numerous layers can be piled up together to form a bulk material.
Comparing with the thermally driven amorphization, amorphization by cold rolling of crystalline elements is a well-known phenomenon and can be considered as a kind of mechanically driven solid state reaction. It was said that the large quantities of lattice defects in the metals caused by SPD will greatly accelerate the atomic intermixing rate to achieve a high value of supersaturation, even at room temperature. The supersaturated solid solution will become thermodynamically unstable and transforms to an amorphous phase and consequently release the heat of mixing. However, the detailed mechanism of the solid state amorphization is still not quite clear. In contrast to that the thermally driven amorphization occurs between elements that have a strong negative heat of mixing, many solid sate amorphization were found between elements that have a positive heat of mixing. Some researchers believe that a critical grain size like 5 nm exists, no dislocations can be increased in grains less than the critical size. 23) Increased strain in such a small sized grain will probably lead to lattice destabilization and formation of amorphous phase, no matter whether it is positive or negative heat of the mixing. There are some other suggestions that illustrating the possible mechanism of the solid state amorphization. However, only part of the materials can be transformed into amorphous phase even after plenty of ARB cycles. Considering that flat rolled products such as sheets and plates share more than 80% of metals and alloys products, fabrication of bulk metallic glass in sheet form would greatly expand their application. ARB will become another useful technique to fabricate BMGs besides the widely used rapid quenching technique.
Conclusions
(1) With ARB technique, Cu/Zr multilayer can be fabricated by stacking pure Cu and Zr sheets. The equivalent strain of about 16 can be achieved. (2) The as-ARB processed sample showed inhomogeneous deformation at early stages and more uniform deformation after 6 ARB cycles. The shear bands formed in early cycles and nano-lamellar structure can be achieved after 10 cycles. (3) The 10 cycles ARB processed sample showed thermally activated amorphization during 673 K annealing for 30 minutes. It reveals that ARB process can be used to fabricate bulk metallic glass sheet materials. (4) Bulky Cu-Zr sheets of amorphous/metal nano composite could be fabricated by the ARB process followed by heat treatment. 
